Abstract: This paper focuses on the issues of the fibre-reinforced composite material microstructure and presents a new numerical method to generate random fibre distributions and predict the macroscopic mechanical properties of composite materials based on the represent volume element (RVE). The method, named the random sequence generation algorithm (RSGA), obtains fibre radius distributions and positional relationships by image processing to generate a statistical equivalence RVE effectively. On this basis, the composite material microstructure finite element model is established to predict its macroscopic elastic properties by Python language in ABAQUS. Comparative analysis shows the algorithm is in good agreement with experimental results and has the statistical equivalence herein. The research of this paper on the algorithm for composite materials of fibre distributions provides a useful alternative to generate random numerical models that can be used in micromechanical analysis of composite materials.
Introduction
In recent years, the rapid development of composite materials leads to a wide range of application on many fields, especially in the aerospace industry for their excellent performance. According to structure characteristics, composite materials can be divided into three kinds: sandwich composite materials, fines composite materials and fibre-reinforced composite materials [1] . In the fibre-reinforced composite materials, fibre is the main part to carry most of the load. Therefore, fibre volume fraction and fibre distribution morphology have crucial influence on the strength and stiffness properties of composite materials.
Current research methods of composite materials properties include experimental study and numerical calculation. The experimental way is able to give a complete property description for a certain material while it requires a considerable amount of labor and financial resources. In the numerical calculation terms, finite element analysis with a representative volume element (RVE) is a highly attractive approach, because of its clear thinking and simple algorithm [2, 3] . Sun predicted the elastic modulus and Poisson's ratio of the particle reinforced composites by the fibre randomly distributed representative volume element and learned that the result of this model simulated better than the fibres regularly distributed model compared with the experimental values [4] . Hojo.M studied the local fibre distribution effect on the micro-interface normal stress of unidirectional carbon fibre epoxy laminates under transverse tensile loading and the results showed that the interface normal stress absolute value of fibre irregular distribution increased rapidly when the distance between fibres was less than 0.5μm [5] . Vaughan and McCarthy presented the nearest neighbour algorithm based on test data and its local shape distribution function was equivalent to the fibre distribution of real structure [6] . AR Melro used the hard-core model to generate fibre randomly distribution model which the fibre volume fractions could be up to 65% [7] . Matsuda draw a conclusion that fibre distribution type in the RVE did not affect the macroscopic properties of laminated plate but had a huge impact on the microscopic stress distribution [8] . Romanowicz found that fibe distribution types not only had a major influence on the matrix crack initiation but also could lead to stress concentration and strain localization [9] . Lei Yang proposed the random sequential 3rd International Conference on Material, Mechanical and Manufacturing Engineering (IC3ME 2015)
expansion method which was equivalent to the completely random type (CSR) and could quickly generate a high volume fraction RVE [10] . In composite micro-structures, fibre distribution is so discrete and randomized that the traditional periodic representative volume element cannot describe the whole mechanical properties for composite materials. Therefore, in this paper, a new algorithm based on the hard-core model is presented to describe the random distribution characteristics of fibre and applied to establish a representative volume element model of composite microstructure to complete the prediction of the macroscopic mechanical properties. The predicted effective properties are compared with experimental results and verified by four statistical functions.
Microstructure feature extraction of composite materials

Image Processing
In the Matlab, every image corresponds to a certain matrix, especially, for a binary image, the black and white elements are expressed by 0 or 1 respectively [11] .For a composite microstructure SEM scanning image, geometrical characteristics and microstructure features of the target region are obtained through binary image processing. Figure. 1-a is the microstructure SEM scanning image of T300/Epoxy composite which the fibre volume content is 57% [12] . First of all, the convert true color picture is transferred to grayscale image by rgb2gray (I) function in Matlab. Then, the original grayscale image gradation distribution area is centralized for the purpose of increasing the contrast and making clear image details. Finishing above steps, the image is processed into two values by the way of selecting an appropriate threshold with the im2bw (I, a) function in Matlab. In this paper, the threshold is solved by the iterative method and the final value is 133 [13] . The last step is the binary image morphological processing which includes four arithmetic operators: expansion, corrosion, open and close. The result obtained by image processing is shown in Figure. 
Finite element model
Geometric characteristics of composite microstructure consist of two parts: fibre area and fibre centroid. According to the data obtained from the pixel distribution reading result in Figure. 1-b, the finite element model is automatically generated by the Python language in ABAQUS as shown in Figure. 1-c. It can be seen from the comparison of Figure. 1-a to 1-c that above image processing method can accurately get microscopic distribution of the fibres, which is the foundation to establish a reasonable RVE.
The random sequence generation algorithm (RSGA)
For composite materials with high fibre volume fraction, fibres were frequently generated by the random sequential expansion (RSE) method and the nearest neighbour algorithm (NNA) in RVE. The former [10] can overcome the limitation of hard-core model [14] . However, when the fibre volume content was reached, the fibre may not be extended to the corner of RVE and it was easy to appear in the middle or somewhere centralized. The NAA [16] used the nearest distance distribution function to define the distance of different fibres in RVE. Its advantage included short execution time, basically consistent with the statistical distribution and reasonable simulating of the fibres microscopic characteristics. However, both the distribution of the fibre radius and the nearest distance of the RVE generated by the NAA were less than experimental results for the reason that the criterion condition which prevented the nearest fibres from overlapping was so easy to content and leaded to the smaller diameter.
In the paper, a fast fibre distribution generation method equivalent to statistical data is proposed and named the random sequence generation algorithm(RSGA). The algorithm generates fibre distance and fibre radius to model the micro structure with statistical data through analyzing 2D material cross-sectional images. Then, an equivalent model is re-established based on both classic hard-core hypothesis model [14] and the SEM images which represent actual fibre distribution. The steps of random sequence generation algorithm are as follows:
Step 1: The first fibre is generated randomly in the target area and taken as the so called "current fibre"; then, its closest distance with other new fibres is given in accordance with the nearest distance distribution function which is shown in Figure. 2-a.
Step 2: Generation of new fibre surrounding the "current fibre". The position of the new fibre is determined by the nearest distance and its angle with the "current fibre" which is shown in Figure. 2-b.
Step 3: If the nearest distance between the new fibre and the "current fibre" is less than the nearest distance, then the new one is regenerated. To prevent the nearest distance of new fibres becoming larger and larger, probability selection is added for each inspection failure. When the random probability value P is less than P 0 , even though the new generation fibre's nearest distance does not meet the above requirements, the fibre is still generated. According to experience, P 0 is taken as 0.15.
Step 4: Verifying the distance between new generations of fibres with others. The generation should be given up if the distance is less than the nearest distance with other labeled fibres or new fibres. For example, the 4th fibre is regenerated if the distance between the 4th and the 2nd fibre is less than the nearest distance of the 2nd fibre, as shown in Figure. 2-c.
Step 5: Updating the fibre nearest distance distribution, the radius distribution and the generated fibres. Probability of fibre nearest distance updating formula (1) is as follows:
Which P i represents the updated nearest distance generation probability of the area of i. 0 i P represents the nearest distance generation probability of the initial area i. N represents the total predicted number of fibres. N i represents the total number of generated fibres in the area i.
Step 6: End the cycle if there is no new fibre generation surrounding the target fibre after a certain number of attempts.
Step 7: The fibre is selected as the "current fibre" to generate the new fibre one by one until meeting the target fibre volume fraction in the RVE or reaching the maximum number of cycles. Then, stop generating new fibres and output the results. Figure. 3 is the flowchart of random sequence generation algorithm which f(i) represents a random fibre, d new is the nearest distance of the new fibre and d cf is the nearest distance of the "current fibre". 
Statistical characterization analysis
In the paper, the random fibres distribution state of different RVE generating methods are evaluated by four kinds of statistical functions [15] from various aspects of statistical characterization.
Nearest neighbour fibre distances distribution function
The nearest distance fibre distances distribution is an important feature of composite microstructure models and the initial damage laminates generally occurs where fibres are much close to each other [16] . PDF (Probability Density Function) is defined by the minimum distance value of the target fibre with its neighbour fibre and it can provide information on the short-range interactions between fibres. The fibre aggregation phenomenon takes place if the PDF function shows a spike and a followed steep drop in a specific value place. Different algorithms including RES and NAA are used to generate 20 sets of RVE and their nearest fibre distance distributions are shown in Figure. 4. It can be seen that both results of experiment and the RSGA basically obey the normal distribution. Otherwise, the outcomes deviate significantly from experimental values and present as a uniform distribution for the RVE models achieved by the RSE. Comparison illuminates that the fibre distribution depends on the fibre generation method. What's more, for the random sequence generation algorithm, the error with the experimental result is small enough to meet the requirements of statistical equivalence on the nearest distance distribution.
Figure.4 The nearest fibre distance distribution
Nearest neighbor fibre orientation distribution function
In the paper, the nearest neighbor orientation of the target fibre is described with the cumulative distribution function (CDF). The CDF is specifically defined as the turning angle that one fibre rotates to its nearest fibre connecting center line along the horizontal axis in a clockwise direction. The CDF is normalized with respect to the total number of fibres and represents a straight diagonal line when the fibre distribute completely random in the RVE, meaning that a given orientation has the same probability of occurring as any other orientation. If the fibre distribution in the space is very close in a certain direction, such as the periodic distribution, the CDF curve should deviate significantly from the diagonal line and present a step shape. Figure. 5 has compared the CDF curves between experiment results and the RSGA which indicates the fibre orientation distribution is an entirely random nature of statistical equivalence.
Figure.5 The cumulative distribution function curves
Ripley's K function
Ripley's K function, also known as the second-order intensity function, is mainly used to describe the spatial distribution of information [16] . Ripley's K function K(h) is calculated in formula (2):
Where A is the area of the window, N is the total number of fibres, d ij is the distance between points i with j, I( ) is an indicator function having the value 1 if the condition between brackets holds true and the value 0 if the condition is false. w(i,h) is a weight function having the value 1 if the circle with center at point i and passing by point j is completely inside the window. Otherwise, w(i, j) is the ratio of the circumference contained within the window to the whole circumference of the circle.
In order to compare different methods of K function more clearly, the formula (2) can be expressed by the representative of the formula (3):
By the formula (3), the possion distribution constant corresponding to L(h) is 0. For different distances h, the positive peaks of the L(h)curves represent that the fibre is aggregated and the negative peaks represent the regular distribution of the fibre. Curves of different methods are shown in Figure. 6, where the average radius of fibre is 3.05μm.
Figure.6 Curves of different Ripley's K functions
It can be seen from the Figure. 6 that the RSGA has the minimum error with experimental values than other methods which are significantly deviates from the experimental values. Wherein, the curves obtained by NNA and RSE agree with the possion distribution. In summary, the methods based on the complete random distribution are not suitable for simulating the real fibre distribution and the RSGA is relatively closer to the type of real fibre distribution and appropriate to simulate the real distribution of fibres.
Pair distribution function
Pair distribution function is used to describe the relationship between average fibre density and distance of the fibres inside RVE. Pair distribution function G(h) is defined as the formula(4): the probability of finding an additional point within an annular region of inner radius r and outer radius r + dr respectively. Therefore, for the statistical distribution of the fibres, G(h) should be increased gradually with the increase of h and gradually close to 1 [18] .
Where the dK(h) is the average number of fibres between the inner diameter of h and the outer diameter of the h+dh. N a is the number of fibres per unit area [19] , n i is the fibre center number in the ring. Figure.7 shows a large spike at about 2.2r of the pair distribution function, which is corresponding to the spikes of the nearest neighbour fibre distances distribution function. The radial distribution function curve tends to be stable at 1 when the value of h increases to large enough to meet the needed minimum size of the composite mechanical properties analysis. Figure.7 shows G(h) obtained by the RSE is less than the experimental value and quickly converge to 1 in the interval of 5 to 10. The G(h) of the NAA and the RSGA are consistent with the experimental measured data relatively and also tends to 1 in the progressive when the value of h/r is large than 15. Figure. 7 Curves of the pair distribution function
Mechanical property prediction of the composite material
In this paper, the macroscopic elastic property of T300/BMP-316 is predicted by the finite element method based on micromechanics. By applying appropriate periodic boundary conditions, the RVE model data of stress-strain response under different uniaxial load can be achieved. Then, the elastic properties of the composite materials are calculated according to the homogenization theory and compared with the experimental data.
The finite element model of a single cell
Twenty sets of microscopic finite element cell model are established for calculation and the length of the RVE side is chosen as 50 times as fibre average radius [20] , each RVE model contains total 472 fibres, as shown in Figure. 8-a. To simplify the model, the paper makes the following assumptions:
1 The thickness of the interphase is very small; 2 The initial stiffness of interphase is large enough. In this case, the effect of the interface on the performance of the single cell can be ignored. In particular, the three-dimensional solid element is replaced by a two-dimensional plane strain unit due to its transverse isotropic concept, which will greatly reduce units number and save computing time. For a certain RVE model, it must have the consentaneous deformation with its neighboring cell to satisfy continuity conditions of stress and displacement continuity conditions [21] . Xia Z.et.al [22] has proved that the stress of continuous natural conditions can be satisfied when the displacement continuity conditions are met. In the paper, the Python scripting language ABAQUS/CAE is used to achieve random distribution parametric RVE model generation.
Result analysis
For the T300/BMP-316 macro elastic properties of the fibre are predicted and shown in Table 1 .As can be seen from the table that all the property prediction results are very close to but smaller than the experimental values. This discrepancy may be the reason that interphase exists in the real material structures but the interphase strength is ignored in the paper. At the same time, in a real manufacture circumstance, porosities and other processing errors will have a certain impact on the properties of composite materials. 
Conclusion
1) The fibre features in the composite microstructure SEM image can be received to reconstruct the composite finite element models accurately by obtaining microscopic distribution state of fibres through image processing methods.
2) The random sequence generation algorithm has been proposed to generate statistically equivalent fibre distributions. Comparison with experiment results and different statistical functions show that the RVE produced by it substantially coincide to meet the requirements of statistical equivalence distributions and is more suitable to simulate real fibre distributions situation than other methods mentioned in the paper.
3) The paper has proved that numerical simulation method on composite materials elastic performance can accurately achieve the macro mechanical composite materials properties compared with the experimental results by means of calculating the micro stress strain field of RVE model under different uniaxial loads with volume homogenization.
